Abstract-Atmospheric ducts that are caused by the rapid decrease in the refractive index of the lower atmosphere can trap the propagating signals. The trapping effect of atmospheric ducts provides significant received power enhancements and enables signals to reach beyond-line-ofsight distances. Although wave propagation in atmospheric ducts are well studied, there is no work that provides fading and correlation analysis for atmospheric ducts. Therefore, the main motivation of this communication is to develop a large-scale path-loss model, estimate the distribution of fading, and analyze fading correlation for space and polarization diversity systems in the presence of surface ducts. Lastly, the achievable data rate results are presented to show the performance improvement with space and polarization diversity techniques.
I. INTRODUCTION Atmospheric ducts are caused by the rapid decrease in the index of refraction at the lower troposphere. Due to the rapid changes in the refractive index, the propagating signals can be refracted back to the surface and trapped between the sea surface and atmospheric duct. The trapping effect of the atmospheric ducts provides significant received power enhancement compared to the standard atmospheric conditions. For this reason, atmospheric ducts can be utilized as a beyond-line-of-sight (b-LoS) communication medium, which is also denoted as the ducting channel [1] .
Ducting channel studies mostly focus on wave propagation in atmospheric ducts [1] , [2] . Parabolic equation (PE) methods [3] are the most dominant technique to model ducting channel wave propagation, because PE methods can model complex boundary conditions and refractivity profiles of the atmosphere. The path-loss estimates with the PE methods were experimentally validated in [5] and [4] . Therefore, PE methods yield reliable results for ducting communication links.
To solve PE, specialized wave propagation softwares are developed. Firstly, AREPS [6] is the most widely used software. In [5] , AREPS was utilized to estimate path loss for a 78-km link, and the path-loss estimates were experimentally validated. However, we utilize PETOOL [7] , which is a free and online-available software operating on MATLAB. PETOOL was validated by AREPS results in [7] . Thus, PETOOL is a reliable wave propagation simulator for ducting channels. In [8] , PETOOL results are utilized to develop a large-scale path-loss model for surface ducts.
Although there are many studies on ducting channel wave propagation, there is no study, focusing on the investigation of antenna correlations and multiple-input-multiple-output (MIMO) systems for ducting channels. Therefore, the main motivation of this communication is to analyze MIMO ducting channels in the presence of surface ducts. In this communication, we only focus on surface ducts, because modified refractivity of surface ducts can be modeled with a simple bilinear model, as described in Section II. There are three main contributions of this communication. Firstly, we develop a large-scale path-loss model for surface ducts to estimate the path loss. By using the developed large-scale path-loss model, the distribution of fading in ducting channel is predicted. Second contribution is to analyze the correlation coefficient for space and polarization diversity systems in ducting channel for the first time in the literature. Since b-LoS communication systems generally operates at low signal-to-noise ratio due to high path lengths, MIMO systems have high potential to increase the achievable data rates. Thirdly, we compare the performance of different diversity techniques in terms of achievable data rates by combining the proposed path-loss and correlation analyses. This way, we aim to show that ducting channel is suitable for high data rate applications.
The remainder of this communication is organized as follows. Section II provides the review of ducting channel modeling. Section III includes the proposed large-scale and small-scale path-loss models for ducting channel. In Section IV, we provide the correlation analysis for space and polarization diversity. Section V includes the capacity calculations with the proposed models. The achievable data rate results are presented in Section VI. Lastly, the conclusion is presented in Section VII.
II. CHANNEL MODELING IN DUCTING CHANNELS
This section includes the propagation and atmospheric modeling for ducting channels.
A. Parabolic Equation Method
PE was originally developed in [9] , [10] , and utilizes par-axial approximation to the Helmholtz wave equation. PE methods became the dominant technique to model wave propagation in atmospheric ducts after the derivation of a computationally efficient solution based on split-step Fourier transform [10] . PE is especially advantageous to model complex boundary conditions and refractivity variations of the lower atmosphere [3] . PE methods are mostly utilized in ducting channel wave propagation analysis, because wave propagation in ducting channel depends on multiple parameters: transmitter height, receiver height, duct height, duct strength, carrier frequency, polarization, and surface conditions. For 2-D narrow angle forward scatter waves, PE is represented as [2] 
where x is the range in m, z is the height in m, k = 2π/λ is the wave number, λ is the wavelength, and u(x, z) is the reduced function. The modified refractivity index is m = 1 + M10 −6 , where M is the modified refractivity. Horizontal and vertical polarization can be modeled by (1) with appropriate boundary conditions. In this communication, PETOOL [7] is utilized to solve (1), and the path loss (PL) is calculated as [3] PL = 20 log(4π/|u(x, z)|) + 10 log(d) − 30 log(λ) (2) where d is the range in m. In Section III, PETOOL simulation results are utilized to develop large-scale path-loss model and analyze small-scale path-loss characteristics.
B. Atmospheric Modeling
In PE methods, atmospheric conditions are considered via modified refractivity, which is represented as where h is the height in kilometers and R 0 is the earth radius in kilometers. Refractivity is represented with N = (n − 1) × 10 6 N-units, where n is the atmospheric refractive index. Trapping layer of atmospheric ducts is associated with negative modified refractivity gradient as in Fig. 1 . This condition causes propagating signals to be refracted back to the sea surface, and these signals are trapped between the sea surface and atmospheric duct. This way, trapped signals can propagate over-the-horizon with lower path loss compared to the standard atmospheric conditions. This effect makes ducting channel a promising candidate for b-LoS communications, especially in coastal and maritime environments [1] .
Atmospheric ducts can be classified according to their formation process and properties: evaporation ducts, surface-based ducts, elevated ducts, and surface ducts [1] . The occurrence probability of surface and evaporation ducts are significantly higher than surfacebased ducts and elevated ducts. Therefore, surface and evaporation ducts are more suitable for b-LoS communications. Surface ducts can be modeled with a bilinear curve and depend on two parameters: duct height (δ) and duct strength ( M), as presented in Fig. 1(a) . Duct height (δ) represents the height of the trapping layer. Duct strength is the change in the modified refractivity from surface to trapping layer. On the other hand, evaporation ducts can be modeled with a logarithmic curve as in Fig. 1(b) . Ray tracing analysis for the bilinear model is computationally efficient to estimate angle-of-arrivals and delay spreads of the ducting channels. For this reason, evaporation ducts are also approximated by a bilinear curve in the propagation analysis [11] . Thus, we only focus on surface ducts in the remainder of this communication.
Surface ducts are modeled with duct height and duct strength. Modified refractivity above the duct height is modeled as the standard atmospheric conditions (Modified refractivity increases with 118 M-units/km.) According to the experimental studies [12] , [13] , the surface duct formation has up to 80% probability of occurrence, and even in winter conditions with low evaporation rates, this probability is above 60%. Due to the high formation probabilities, trapping effect of surface ducts can be utilized as a b-LoS communication medium.
III. LARGE-SCALE AND SMALL-SCALE PATH-LOSS MODEL FOR SURFACE DUCTS
This section provides the large-scale path-loss model for surface ducts and the distribution of the small-scale path loss. To this end, we develop a large-scale path-loss model for the surface ducts based on regression analysis to PETOOL results as in [8] . Then, deviations from our large-scale path-loss model are denoted as the small-scale path loss, which is also known as fading.
Ducting channel communication is especially promising in places where direct LoS communication is not available or expensive [5] . Therefore, ducting communication studies focus on b-LoS ranges. For a wireless channel, the generic large-scale path-loss equation is given as [14] 
where X is the small-scale fading, γ is the path-loss exponent, d is the range in m, A is the path loss in decibels at d 0 , and d 0 , as defined in (5), is the fixed range in m, where b-LoS is observed [15] 
where h t and h r are the transmitter and receiver heights in m, respectively.
For the large-scale path-loss model, we first generate path-loss results for ducting channel with PETOOL for the following parameters: frequency 10 GHz, transmitter height 20 m, receiver height 27 m, horizontal polarization, duct height 40 m, duct strength 20 M-units. Fig. 2 includes the path-loss versus range for fixed receiver height. Then, we apply regression analysis to fit the path-loss results presented in Fig. 2 to (4) in the least square error sense as in [8] , [16] . In this way, A and γ parameters in (4) are found as A = 136 dB and γ = 1.03. Fig. 2 also includes the regression based model (straight line in Fig. 2 ) and the free-space path loss. As noticed, the surface duct can provide 20-30-dB lower path loss compared to the free space conditions as also reported in [4] . Fig. 3(a) -(c) present the path-loss estimates of PETOOL and the proposed regression based path-loss estimates for different ranges. As noticed, the level of the large-scale path loss can be estimated with the developed model. The deviations from the regression model can be assumed as fading in the ducting channel. Fig. 3(d)-(f) present the normalized distribution of the fading in the ducting channel for different ranges along with the Rayleigh distribution fitting. The Rayleigh distribution fitting in Fig. 3(d) -(f) has standard deviation between 8−9 dB. To justify the Rayleigh distribution assumption, we utilize the two-sample Kolmogorov-Smirnov test [17] on MATLAB. According to the test, the presented histograms in Fig. 3(d) -(f) can be fitted with the Rayleigh distribution within 85%-90% confidence level. Hence, the ducting channel with the surface ducts can be modeled as a Rayleigh fading channel. 
A. Space Diversity
Space diversity can be achieved with horizontal or vertical placement. In this communication, only vertical space diversity is considered, because vertical space diversity becomes uncorrelated with a few meters separation. To calculate the space correlations, we generate path-loss results for vertically spaced transmitters and calculate the correlation coefficient among the vertical variations of the path loss at the desired range. Fig. 4 shows the antenna correlation versus vertical spacing for different carrier frequencies and different duct heights with transmitter height 27 m and duct strength rate 1 M-units/m (Duct strength is equal to duct strength rate times duct height.). As noticed, 1 m separation provides uncorrelated antennas (correlation coefficient close to 0) for 15 GHz. For 10 GHz, 1-2-m spacing yields low correlation values. The required spacing decreases as the carrier frequency increases. We conclude that the vertical space diversity is promising for ducting channels.
B. Polarization Diversity
Polarization diversity is an advantageous method in wireless systems to provide higher data rates with lower cost [18] , [19] , because polarization diversity can be implemented with dual-polarized antennas. This way, polarization diversity does not require an additional antenna. In order to utilize polarization diversity, the correlation among the vertical and horizontal polarization should be lower than a certain threshold (≈0.5).
To this end, we analyze the correlation between horizontal and vertical polarization in b-LoS ducting links.
We also utilize PETOOL simulations to analyze the correlation in polarization diversity. For this case, we simulate transmitters with horizontal and vertical polarization. We use the following channel parameters: transmitter/receiver heights 27 m, horizontal polarization in the receiver, sea surface conditions, duct height 40 m, and duct strength 10 M-units. Fig. 5(a) presents the vertical path-loss results at the 100-km range, where H and V represent horizontal and vertical polarization, respectively. As noticed, the fading in different transmitter polarization shows significant difference.
Fading correlation among polarization (ρ P ) with respect to range is presented in Fig. 5(b) . Fig. 5(c) shows the cumulative distribution function (cdf) of the correlation among the polarization. As noticed, 80% of the time the correlation is below 0.5. Although the standard deviation of the fading correlation is less between the 50-100-km range, the overall fading correlation can be approximated by a Gaussian distribution with mean 0.2 and standard deviation 0.27, because ducting b-LoS communication is aimed to be utilized at b-LoS ranges, which are often higher than 100 km. As in Section III, we use the two-sample Kolmogorov-Smirnov test [17] to justify the fitted distribution in Fig. 5(c) . The test yields that the fitted distribution has 95% confidence level. Since MIMO systems can achieve desired capacity gains below 0.5 correlation, polarization diversity is a promising method for ducting channels. The occurrence rate of surface ducts mostly varies between 70%-80% depending on the season. Therefore, the polarization diversity will be able to provide the expected gains up to 64% of the time. On the other hand, the correlation among horizontal and vertical polarization at the receiver is close to one according to our simulations. In conclusion, polarization diversity is promising for ducting links as a transmitter diversity technique.
V. CHANNEL CAPACITY IN SURFACE DUCT LINKS
In this section, we introduce capacity calculations to calculate achievable data rates for ducting channel by utilizing the proposed regression model and correlation results in Sections III and IV, respectively. Since the previous ray-tracing analysis suggests that b-LoS ducting channel has delay spreads in the order of nanoseconds [8] , [20] , [21] , we utilize a narrow-band fading model for ducting channel with surface ducts. Therefore, multipath components are not resolvable within the desired bandwidth limits (<40 MHz). As described in Section III, the ducting channel is assumed to have Rayleigh fading. As a result, we utilize flat Rayleigh fading channel model.
Suppose N T transmitters and N R receivers use the channel. We can model the channel as y = Hx + n (6) where H N R ×N T is the channel gain matrix, x N T ×1 and y N R ×1 are the transmit and receive vectors, and n N R ×1 is the noise vector. Since H contains the effect of both large-scale path loss and small-scale path loss, we utilize channel matrix normalization to separate these two effects. Thus, the normalized channel gain matrixH is represented 
Here, g is calculated as
where ||.|| F is the Frobenius norm. With the channel matrix normalization, the average receive power in watts is given by [22] , [23] 
where P t is the transmit power in W, G t and G r are the transmitter and receiver antenna gains, respectively. Lastly, PL L is the large-scale path loss, which is directly calculated with the developed large-scale (4), where A and γ are calculated as in Section III. In this way, g 2 P t will be directly calculated by using the developed large-scale path-loss model by (9) for the given channel parameters: P t , G t , and G r . In this communication, we assume that large parabolic reflector antennas are utilized to provide high antenna gains. However, high antenna gains can be provided via planar antenna arrays as proposed in [24] . The effects of small-scale path loss are modeled withH. The normalized channel gain matrix can be represented as [25] (10) where G N R ×N T is the complex Gaussian independent and identically distributed channel matrix. The root of the receiver antenna correlation matrix ((R R X ) 1/2 ) can be computed with the Cholesky factorization. In the same way, (R T X ) 1/2 is the root of the transmitter antenna correlations (R T X ) N T ×N T . The correlation matrices depend on the type of diversity. In this communication, we assume that the channel is symmetrical for vertical space diversity for simplicity, because the modeled surface duct is range independent and same number of antennas are utilized at both ends with the same orientations. Thus, the calculated correlation values are assumed to be valid for both transmitter and receiver in the vertical space diversity.
A. For Space Diversity
The transmitter correlation matrix for N T × N R space diversity is shown as
where ρ S i, j is the correlation between antenna i and j , and they are determined by using the analysis in Fig. 4 according to the channel parameters. Note that the N R × N R receiver correlation matrix has also the same structure as (11) .
B. For Polarization Diversity
The polarization diversity is effective only for transmitter side since polarization has high correlation at the receiver side. Therefore, we assume that all receivers are horizontally polarized. For a dualpolarized antenna, the transmitter correlation matrix is given as
where ρ P 1,2 = ρ P 2,1 is the correlation between horizontal and vertical polarization. As shown in Fig. 5 , the correlation between polarization can be modeled with a Gaussian random variable with mean 0.2 and standard deviation 0.27, as described in Section IV-B.
C. For Space-Polarization Diversity
We also consider spatially separated dual-polarized transmitters. The transmitter correlation matrix for N T number of dual-polarized transmitters is given as (12) . Since dual-polarized antennas are utilized at the transmitter side, the total number of transmitters becomes 2N T for N T number of dual-polarized transmitters. By using the matrix normalization in (9), the resulting channel capacity is calculated as
where σ 2 n is the noise in the system, N T is the total number of transmitters, I N R is N R × N R identity matrix, and g is utilized in the channel matrix normalization in (8) . Since there is a power amplifier at the receiver, the amplified noise at the receiver can be found as
where k is the Boltzman's constant, G a is the amplifier gain, T a is antenna noise temperature, and T e is effective noise temperature, which is give as N F − 1 = T e /T a and N F is the amplifier noise figure.
By denoting γ = (g 2 P t /N T σ 2 n ), the capacity is simplified as
where N min = min(N T , N R ), λ i 's are the nonzero eigenvalues of the
VI. PERFORMANCE EVALUATIONS
In this section, we provide the data rate results for the diversity techniques. We utilize PETOOL to determine the parameters for our large-scale path-loss model as in Section III. Channel parameters that are utilized in the simulations are listed in Table I . We perform 10 000 iterations on MATLAB for the random channel gain matrix (10) and random polarization correlation coefficient (12) . Fig. 6 shows the capacity results for single-input-single-output, space diversity, polarization diversity, and space-polarization diversity in ducting channels with 40-m surface duct and 10 M-units duct strength. Note that the polarization diversity significantly improves the data rates of the link as in Fig. 6 . Since dual-polarized transmitters can be mounted on a single antenna feeder, the cost of polarization diversity is significantly lower compared to the space diversity. However, the space diversity can provide higher diversity gains with additional antennas at both sides. By utilizing 2 dual-polarized transmitters and 2 horizontally polarized receivers, the achievable data rates can be significantly improved. Therefore, polarization diversity and vertical space diversity are promising methods for ducting channel communication systems to provide higher data rate levels.
VII. CONCLUSION
In this communication, we develop a large-scale path-loss model for the ducting channel in the presence of atmospheric ducts. In addition, the distribution of fading and correlation between antennas for space and polarization diversity are analyzed. According to our results, polarization diversity is an effective diversity technique for ducting channels. In addition, 2 × 2 ducting channel communication can provide more than 22 Mb/s at 90% reliability; thus modern high data rate applications can utilize ducting effects especially in maritime and coastal areas. In conclusion, this communication reveals that ducting channel is suitable for high data rate communication applications.
